The current study examines the effect of grain size on macro-scale machining-induced residual stresses (RS), during turning, using finite element modelling. Based on the well-established inverse relation between grain size and material strength, the grain size effect was simulated via changing the workpiece yield strength. This was also done at different strain hardening rates. The model was validated using four materials. Larger grain size (lower yield strength) resulted in higher surface tensile RS, which is attributed to the surface layer being subjected to higher compressive plastic deformation as well as higher workpiece temperatures.
Introduction
Fine-grained steels typically have higher tensile strength according to the well-established Hall-Petch relation, which assumes an inverse square-root dependence of strength upon average grain size [1 -4] . The grain size effect even extends to other mechanical properties, like hardness, wear resistance and fatigue life [1, 5] . In addition, grain refinement results in lower ductile-to-brittle transition temperature and increases the penetration depth of X-rays [1] , which are used to measure residual stresses (RS).
The effect of grain size on mechanical properties is mainly attributed to grain-boundary strengthening, which is affected by four main factors as identified by Hu et al. [2] . These four factors are; 1) grain boundaries act as barriers to plastic flow; 2) grain boundaries act as dislocation sources; 3) elastic anisotropy, resulting from different grain orientation, causes additional stresses in grain-boundary surroundings; and 4) multi-slip is activated in the grain boundary regions, whereas grain interiors are initially dominated by single slip. The overall effect of the aforementioned parameters is the formation of work hardened layers along grain boundaries, which is more pronounced in fine-grained materials [2] .
With regards to grain size effects, the main focus of the literature was on correlating grain size to material mechanical properties. Hu et al. [2] presented a constitutive model to predict plastic flow stress as function of grain size. At large grain sizes (order of microns), the Hall-Petch relation was found to be valid; however, in the nano-crystalline domain the material flow stress approached that of the grain boundaries. Berbenni et al. [4] presented a theoretical micromechanical model to examine the effect of grain size distribution on yield strength. The authors showed that the overall yield stress depends not only on the mean grain size but also on the grain size dispersion, especially for fine-grained materials. It is important to point out that, Dunstan and Bushby [6] presented an updated study (2014) on the applicability of the Hall-Petch relation, where they examined the applicability of other mathematical formulas (modifications of the Hall-Petch formula). The modified formulas succeeded in correlating the grain size to material strength; however, the degree of dependability differs from a material to another.
The effect of grain size on fatigue crack growth in pure titanium was examined by Tokaji et al. [5] , under reversed axial loading and rotating bending. Small cracks were found to grow faster than large cracks, with higher growth rate in coarse-grained materials. This was attributed to the less significant effects of microstructure (grain boundaries and crack deflection) in coarse-grained materials.
Other studies have examined the role of grain size in machining processes. M'Saoubi and Chandrasekaran [7] studied the role of material phase and grain size on chip formation and work hardening, during orthogonal machining of single and dual phase steels. Results indicated a strong effect of material phase on primary chip parameters, work hardening and tool chip friction, but limited effect of grain size. In addition, grain size distribution was found to affect chip parameters, where a uniform distribution resulted in reduced scatter of chip parameters. The study covered grain sizes within the industrial range (45-130 µm). In a study by Gotoh et al. [1] , the effect of grain size on RS after grinding of steels was examined. Two types of steels, having the same chemical composition, were used; a fine-grained rolling steel "NFG600" (average grain size of 3 µm) and a conventional rolling steel "SM490" (average grain size of 15µm). Results showed that NFG600 experienced compressive RS, while SM490 experienced tensile RS.
Wang et al. [8] examined the effect of annealing and grain orientation on RS when cold rolling stainless steel AISI 301. The authors used neutron diffraction to measure grain-orientationdependent RS, or inter-granular RS. Annealing was found to reduce orientation anisotropy of RS, and consequently reduced inter-granular RS. Also, local RS were found to vary greatly within a grain based on its orientation. Micro-machining of AISI 1045 steel was studied by Simoneau et al. [9] , where the authors focused on the effect of grain size and orientation on surface defects. This was done experimentally and numerically using finite element analysis (FEA). Grain refinement (~ 20 µm) was found to reduce surface dimples when compared to normal grain size (~ 100 µm), especially when grain boundaries are not oriented along the shear plane.
Residual stresses are typically categorized, on a length scale, into three categories. Type I stress, which varies on the scale of multiple grains; type II stress (inter-granular), which varies from grain to another; and, type III stress which fluctuates within a grain. Traditionally, type I stress is referred to as "macro-stress"; however, types II and III are referred to as "micro-stress". The current study is concerned with macro-scale RS (type I) resulting from machining processes, and how they are affected by average grain size. A special focus is given to RS in the cutting direction (RS11). Based on the Hall-Petch relation, the current work examines the effect of grain size in terms of material yield strength. A set of finite element (FE) models was built, using the commercial FE software ABAQUS, to simulate orthogonal dry cutting of steels and predict the resulting RS.
Finite Element Modelling (FEM)
Two plane strain two-dimensional FE models were built, using the commercial FE software ABAQUS, in order to simulate the effects of grain size on RS. Fig. 1 shows the first model that was used to simulate the process of orthogonal cutting using the arbitrary-Lagrangian-Eulerian (ALE) technique, available in ABAQUS/Explicit. The workpiece was divided into four regions (A -D); regions A, C and D were Lagrangian regions with adaptive remeshing, while region B was an Eulerion region. The cutting velocity was applied to the workpiece, while the tool was fixed. A detailed description of the cutting model as well as the advantages of using ALE in modelling the cutting process was previously published in [10] . The second model was used for RS (type I) prediction using a non-traditional time-efficient approach that was developed by the author in 2008 [11] . RS prediction was done using ABAQUS/Standard, with a special focus on RS11. Details of the time-efficient RS approach, as well as the reasons for using explicit solvers in modelling the cutting process could be found in [11] . Coupled temperature-displacement analysis was used in both models, in order to allow for temperature-dependent properties and heat transfer. Model Validation. The current FE model was validated by comparing the predicted RS11 profiles to experimental profiles obtained under similar cutting conditions, for four different materials. These materials are AISI 316L (165 HV) stainless steel, AISI 4340 (30 HRc) steel, AISI 52100 (62 HRc) hardened steel, and AISI H13 (52 HRc) tool steel. Detailed validation was published in [12] , and Fig. 2 and Fig. 3 show the AISI 316L and AISI 4340, respectively, as an example. Workpiece Material Properties. The Johnson-Cook (J-C) constitutive model [15] , given by Eq. 1, was used to describe the plastic behaviour of the workpiece material. Since this model takes the effects of temperature, strain rate, and strain hardening into account, it is suitable for modelling the metal cutting process [10, 11, 12] . The J-C parameters of the four materials used for model validation are given in Table 1 . In order to numerically predict the effects of grain size on RS (type I), it was essential to identify the J-C constitutive model parameters (or another suitable numerical constitutive model); however, no data was available in the literature. Accordingly, the current work depended on the inverse relation between the average grain size and material strength (Hall-Petch relation). This was done via running simulations with materials having different yield strengths (A in Eq. 1). Three qualitative levels of grain sizes were assumed; fine "F", medium "M" and coarse "C". The corresponding A values selected in the current study, to numerically represent the aforementioned grain sizes, are 900 MPa, 600 MPa and 300 MPa, respectively. This was based on the literature in order to cover a wide variety of commercial steels. In addition, different strain hardening rates (B & n parameters in Eq. 1) were used. The full test matrix, shown in Table 2 , covers a wide range of steels taking into consideration the interaction between yield, strain hardening and grain size. All other material properties were kept constant and similar to those of AISI 316L, for model validation purposes. Cutting Conditions. For model validation purposes, cutting conditions were selected similar to those in [12] . An uncoated carbide (Kennametal K313) cutting insert with zero rake angle along with cutting speed of 125 m/min and uncut chip thickness of 0.1 mm were used. The insert was assumed to be sharp with edge radius of 20 µm. Tool physical properties were obtained from [12] .
Friction and Heat Generation / Dissipation. The simple Coulomb friction model, which assumes constant coefficient of friction along the tool-workpiece contact length, was used in the current work. Although it is a simple unrealistic model, it has been widely used in metal cutting simulations [10, 11, 12] because the real coefficient of friction cannot be measured any ways; besides, it gives reasonable results. A coefficient of friction of 0.2 was assumed in the current work. Ninety per cent (90%) of the plastic deformation mechanical energy was assumed to be converted into heat. This is based on data available in the literature [10, 11, 12] . Heat radiation and convection were neglected in the cutting model, as they are negligible compared to conduction. In the stress relaxation model, convection to air was considered with a coefficient of heat convection of 10 W/m 2o C and sink temperature of 20 o C. Fig. 4a and Fig. 4b show the effect of yield strength (A) on surface RS11 for different B values at n = 0.3 & 0.6, respectively. In the figures, the grain size is represented by either "C" for "coarse", "M" for "medium" or "F" for "fine". Materials with finer grains (higher yield strength "A") experienced lower surface tensile RS11, at all strain hardening rates (B & n values). This effect is more evident at higher hardening rates. In other words, grain refinement would result in lower tendency for surface tensile RS11 (or higher surface compressive RS11). It is worth mentioning that, the current results are in agreement with the experimental results of Gotoh et al. [1] , when they grinded two types of steel; a fine-grained rolling steel "NFG600" and a conventional rolling steel "SM490".
Results and Discussion
A coarse-grained material would be easier to deform compared to a fine-grained material, when subjected to the same loading conditions, because the former has lower yield strength. Therefore, a coarse-grained material would experience higher plastic deformation, as predicted by the current results shown in Table 3 , where materials with lower A values experienced more compressive plastic strains in the cutting direction "PE11". Since compressive (negative) plastic deformation results in tensile RS [16, 17] , this explains the aforementioned results. In addition, higher temperatures were generated in coarse-grained materials (lower A values), as shown in Table  4 , which also adds to the generation of surface tensile RS [17, 18] . Such increase in workpiece temperature is attributed to heat generation resulting from plastic deformation. a) n = 0.3 b) n = 0.6 Table 3 : Effect of grain size (yield "A") on plastic strain in cutting direction "PE11" (B = 900 MPa) n 0.3 0.6 A [MPa] 300 "C" 600 "M" 900 "F" 300 "C" 600 "M" 900 "F" PE11 -0.345 0.330 0.325 -0.380 -0.345 -0.330 
Summary
The effect of grain size on RS (type I) was investigated using FEM. Three levels of grain sizes were assumed; fine, medium and coarse. Based on the inverse relation between grain size and material strength (Hall-Petch relation), fine grains correspond to higher yield strength. Accordingly, the effect of grain size on RS was simulated by assigning three different values for yield strength; 900 MPa, 600 MPa and 300 MPa, respectively. This was also done at different strain hardening rates. Larger grain size (lower yield strength) resulted in higher surface tensile RS, which was attributed to higher compressive plastic deformation and higher workpiece temperatures. The current results also agree with the experimental findings of Gotoh et al. [1] .
